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Supplementary Discussion

1. MCF7 is a common, representative cancer cell line

To more systematically address whether the observed subclonality of cell lines is stable, or can
result in clonal selection, we focused on MCF7, a cell line that has been used as a model for
estrogen receptor (ER)-positive breast cancer in over 30,000 publications®* and whose
genomic characteristics are representative of cell lines within the CCLE* (Extended Data Fig.
1). While examples of genetic or phenotypic drift among MCF7 and other cultures have been
reported®”’, analyses have been limited, and the impact of such genetic variation on drug
response has not been explored.

2. ESR1 copy number loss is associated with reduced expression of its protein product

A strong correlation was observed between the copy number status of ESR1, and ERa protein
expression. Interestingly, despite a normal copy number of ESR1, Strain M, which was selected
for tamoxifen resistance, had the lowest protein levels of the ESR1 protein product across the
MCF7 panel (Extended Data Fig. 3b-c), indicating that ESR1 loss occurred via a different
mechanism.

3. Variation in chromosomal translocations across MCF7 strains

Chromosomal translocations were highly variable across strains: a median of 12 gene
rearrangements (range 7 to 17) were identified per strain, with the majority (55%) detected in
only a subset of strains, and 40% detected in only a single strain.

4. Genomic evolution of cell lines appears to be different from genomic evolution of tumors
during disease progression

The genetic changes that arise during the propagation of cell lines in culture may be associated
with actual breast cancer disease progression. To address this question, we compared the genetic
changes that arose following MCF7 passaging to those that arise during breast cancer disease
progression. Yates et al.”® found seven genes that were significantly more frequently mutated in
relapsed or metastatic breast cancer than in primary breast cancer. In a pairwise comparison of
earlier vs. later passage MCF?7 strains, we could not detect new mutations in any of these genes.

We recently reported that recurrent arm-level CNAs are seen more frequently in relapsed or
metastatic tumors compared to matched primary tumors across cancer types, but that some of
these events tend to gradually disappear during the propagation of patient-derived xenografts™.
In breast cancer, the number of chromosomal changes was reported to be higher in metastases
than in primary tumors, and recurrent arm-level CNAs (e.g., loss of 18q) were reported to be
more frequent in metastases than in their matched primary tumors’®®2. In contrast, the number of
arm-level CNAs did not increase following extensive passaging of MCF7 (p=0.31), and — similar



to our previous findings in PDXs — common CNAs mostly disappeared rather than arose on
prolonged cell line passaging (p=0.047 in a McNemar’s test).

Therefore, we found no evidence that genomic evolution in culture reflected breast cancer
disease progression in patients. We note that tumors and cell lines probably follow distinct
evolutionary trajectories due to the widely distinct in vivo and in vitro selection pressures to
which they are subjected.

5. Single cell RNA sequencing following MCF7 response to bortezomib

To validate that SCRNA-seq could be used to evaluate transcriptional changes in MCF7-derived
populations, we treated MCF7 (strain AA) with bortezomib (500nM), and profiled the
transcriptome of 7,555 single cells at four time points: before drug treatment (t0), 12 hours after
drug exposure (t12), 48 hour after drug exposure (t48), and 72 hours after drug exposure
followed by 24 hours without it (t72+24). Cell populations clustered separately at the different
time points (Extended Data Fig. 6j). In line with the previously reported transcriptional
response to bortezomib®®°, drug treatment led to upregulation of the proteasome and unfolded
protein response gene expression programs, and to downregulation of estrogen signaling and
proliferation signatures (Extended Data Fig. 6k-n). As expected, and in line with what we
observed visually (data not shown), the genes most differentially expressed at t48 vs. t0 were
significantly enriched for apoptosis (p<2*107*°). We conclude that ScRNA-seq can successfully
capture transcriptional differences between MCF7 cell populations.

6. Single cell RNA sequencing identifies differentially expressed genes between single cell-
derived clones

Despite an overall similarity between the single cell clones and their parental populations, a
median of 165 differentially expressed genes (DEGs) (|log2FC|>0.25, Bonferroni-corrected
p<0.01; range, 95 to 226) were identified in a pairwise comparison (Supplementary Table 15).
Almost twice as many genes were identified between the clonal populations themselves (median:
311; range, 290 to 395), indicating that single cell clones were closer to their parental population
than to each other. Moreover, 153 DEGs were detected even between the two cultures of the
same clone, before and after prolonged passaging (Supplementary Table 15). Moreover,
cultures of the same clone before and after prolonged passaging exhibited significant differences
in important pathways, including estrogen signaling and proliferation (Extended Data Fig. 6r
and Supplementary Table 15).

7. Genetic variation across strains of additional cancer and non-cancer cell lines

MCF7 has been in culture for decades, and may have been subjected to varying selection
pressures. We therefore tested the genetic variation of multiple additional cell lines. In paired
comparisons between strains of the same cancer cell line, a median of 17% of the detected non-
silent mutations (range, 0% to 33%) were only identified in one strain (Extended Data Fig. 8a,g
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and Supplementary Table 23). The variation within our MCF7 and A549 panels was well
within this observed range, with MCF7 being more variable than the median cell line (median
discordance, 27%; range, 0% to 44%) and A549 being as variable as the median cell line
(median discordance, 15%; range, 2% to 30%) (Extended Data Fig. 8a). The variation between
the two samples of the benign tumor cell line BEN-MEN-1 — separated by three years of
continuous culture — was not lower than that within malignant cell lines (Extended Data Fig.
8a,g), indicating that genomic instability is not limited to cell lines from malignant tumors.

We analyzed multiple strains of the non-transformed human cell lines MCF10A%, HA1E® and
RPE1 (ref. ®'). Whereas the variation in non-silent mutations across kidney HALE strains was
relatively low (median discordance, 5%; range, 2% to 7%), the variation across breast MCF10A
strains was as high as that seen in MCF7 cancer cells (median discordance, 26%; range, 17% to
40%; Extended Data Fig. 8a,h and Supplementary Table 23). Similarly, re-analysis of
genomic data from immortalized RPEL1 retinal cells showed discordant arm-level CNAs in three
of 26 strains (~10%) (Extended Data Fig. 8b and Supplementary Table 24).

To ask whether the degree of cell line genomic instability is associated with its degree of
transformation, we compared MCF10A cells at different stages of transformation®®. we
compared fraction of discordant non-silent SNVs between non-transformed MCF10A strains
(expressing GFP or an empty vector), partially-transformed MCF10A strains (expressing a single
oncogene), and a fully-transformed MCF10A strain (expressing ERBB2 and 1433g;
Supplementary Table 21). The fully-transformed MCF10A strain was significantly more
unstable than its partially-transformed or non-transformed counterparts (Extended Data Fig.
8c,h).

Taken together, these results suggest that genomic instability is not restricted to transformed
cells, but that increasing instability is associated with malignant progression. A causal
relationship, however, cannot be inferred from these analyses.

8. Doubling time is strongly correlated to the number of protein altering mutations and the
extent of subclonality of the strains

Because mutation load serves as a molecular reflection of cellular “age™, we examined the

association between mutation load and growth rate. Remarkably, doubling time was strongly
correlated with the number of protein altering mutations in naturally-occurring strains
(Spearman’s Rho=-0.79, p=1*10"; Extended Data Fig. 9h), consistent with cell line fitness
increasing with time in culture. Similarly, the extent of subclonality of strains was highly
predictive of proliferation rate (Spearman’s Rho=-0.77, p=2*10": Extended Data Fig. 9i),
consistent with the association between subclonality and prognosis observed in primary tumors®.

9. Cell line instability is associated with the degree of aggressiveness and genomic
instability of its tumor of origin



Analysis across 106 cell lines common to the Broad CCLE and Sanger GDSC indicated that the
concordance in mutation allelic fractions was significantly lower for cell lines derived from
metastases as opposed to primary tumors (Extended Data Fig. 8d). Indeed, cell lines derived
from metastases exhibited significantly higher genomic instability scores®"*® than those derived
from primary tumors (Extended Data Fig. 8e). Of note, the concordance between mutation AFs
was also significantly lower for cell lines with microsatellite instability (MSI), suggesting that
deficient maintenance of genome integrity underlies at least some of the observed differences
(Extended Data Fig. 8f). These data suggest that cell line instability is associated with the
degree of aggressiveness and genomic instability of its tumor of origin.

10. Variability in drug response is observed in multiple analyses

The high variability in drug response across MCF7 strains was observed when the analysis was
performed in multiple ways: 1) When broadly resistant strains were removed (Extended Data
Fig. 10c); 2) when using a more stringent definition of strong activity (>80% growth inhibition;
Extended Data Fig. 10d), and 3) when averaging the 10 WT Connectivity Map strains
(Extended Data Fig. 10j).

11. The Connectivity Map strains do not skew variation estimates

As our panel of MCF7 strains included 11 CMap strains, which were highly similar to one
another, we wanted to confirm that our estimations of variation across strains were not skewed
due to this closely-related group of strains. We therefore averaged the genetic, transcriptomic
and drug response profiles of the 10 naturally-occurring CMap strains, and repeated the
quantitative analyses of variation using this single averaged CMap strain. The degree of
heterogeneity across strains was very similar to that observed when the CMap strains were
considered independently. This is true for the variation in the SNV and CNA landscapes
(Extended Data Fig. 10e-f), the correlations between doubling time and the number of protein
altering mutations (Extended Data Fig. 10g) and between doubling time and subclonal fraction
(Extended Data Fig. 10h), the variation in gene expression (Extended Data Fig. 10i), and the
variation in drug response (Extended Data Fig. 10j).

12. Dose-response curves are indicative of heterogeneous drug response

Dose-response analysis showed that while some compounds were active in all strains, their EC50
often varied dramatically. For example, the histone deacetylase inhibitor romidepsin varied in its
cytotoxicity by more than 800-fold across the strains (Extended Data Fig. 10k). We note that
the dose-response curves of many differentially active drugs were characterized by shallow hill
slopes and incomplete Killing in the resistant strains (Extended Data Fig. 10k), which is
indicative of heterogeneity within the cell population®.

13. Comparison of clustering trees



Our results suggest an overarching view in which genetic variation across strains of common cell
lines is associated with relevant variation in cell morphology, gene expression, and drug
response (Fig. 1g, 2a, 3b, 4a and Extended Data Fig. 9g). We compared the MCF7 clustering
trees representing these different datasets using the Fowlkes-Mellows index>? (see Methods),
and found that all trees were much more similar to one another than expected by chance
(Extended Data Fig. 11a). The similarity between the genetic trees and the gene expression tree
was higher than that between either of them and the drug response tree (Extended Data Fig.
11a). Among the genetic trees, the arm-level copy number-based tree was the most similar to the
gene expression-based tree (Extended Data Fig. 11a), probably due to the direct effect of
aneuploidy on the expression of hundreds of genes simultaneously. Finally, the drug response
tree was slightly more similar to the gene expression tree than to the mutation and gene-level
copy number trees (Extended Data Fig. 1l1a), in line with previous reports showing gene
expression as a strong predictor of drug dependencies®.

14. Genomic variation results in differential genetic dependencies

We asked whether genomic variation between strains affects genetic dependencies in a similar
way to its effect on drug response. This is particularly important because pooled CRISPR/Cas9
knock-out screens use genome copy number estimates to correct for the non-specific toxicity of
Cas9, which is associated with the number of Cas9-mediated cuts in DNA**%" We used the
CERES algorithm to generate gene dependency scores®® from genome-wide CRISPR screens
performed in both MCF7 and the cell line KPL1, now known to be a strain of MCF7 (ref. %).
The dependency landscapes of MCF7 and KPL1 were more similar to one another than to other
breast cancer cell lines (Extended Data Fig. 11b), but MCF7 had nearly twice as many
dependencies as KPL1 (254 vs. 142, respectively; excluding pan-essential genes required for the
survival of all cell lines). ~70% of the MCF7 dependencies and ~30% of the KPL1 dependencies
were not shared by both cell lines (Extended Data Fig. 11c). Remarkably, two key genes
involved in estrogen signaling, ESR1 and BCAS3, were among the top differential dependencies
(Supplementary Table 31). Moreover, the genes that were over-expressed in MCF7 compared
to KPL1 were significantly enriched for estrogen signaling expression signatures (Extended
Data Fig. 11d), which were in turn strongly associated with the dependency of breast cancer cell
lines on ESR1 (Extended Data Fig. 11e). Similarly, the protein levels of GATAS, one of the
most frequently mutated genes in breast cancer®, were higher in MCF7 than in KPL1, and
MCF7 was more sensitive to GATA3 knockout (Extended Data Fig. 11f). We conclude from
these analyses that genetic variation within cancer cell lines can have substantial impact on the
interpretation of genetic loss-of-function screens.

15. Single cell-derived clones remain phenotypically unstable

Lastly, we performed functional analyses of parental strains and their single cell-derived clone,
comparing their proliferation rates and their dependency on estrogen. This analysis demonstrated
that single cell-derived clones remain phenotypically unstable (Extended Data Fig. 11g-i).
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While single cell cloning initially reduces genomic heterogeneity, it does not ultimately yield
genomically and phenotypically stable clonal lines.

16. Differential drug response can be used to identify drugs’ mechanisms of action

Comparison of gene expression profiles between the most sensitive and most resistant cell lines
or cell strains identified differential expression of the correct associated pathways in about two
thirds of the cases in the MCF7 panel, compared to about a third of the cases in the CTD? and the
GDSC panels (p=0.022; Fig. 4l and Supplementary Table 32). Therefore, panels of multiple
strains of the same cell line, like the one described in this study, may offer a novel approach to
identifying genotype-specific cancer vulnerabilities. However, we note that the utility of this
approach may be limited to those drugs for which there is a highly variable sensitivity within the
panel, and may be further limited by the transient nature of cell line strains

17. Comparison of naturally-occurring and genetically-manipulated strains

We found that “neutral” genetic manipulations, which usually involve antibiotic selection, are a
major contributor to genomic variation across cell line strains. To ask whether genetic
manipulations, as a group, lead to any reproducible transcriptional and drug response alterations,
we compared the naturally-occurring to the genetically-manipulated strains. We first compared
gene expression profiles between these groups and found no evidence for consistent gene
expression changes. The number of differentially expressed genes between in-group pairs of
strains was not statistically different from that between out-group pairs of strains. The genes
differentially expressed (>2FC) between the two groups were not enriched for any hallmark
pathway. We next compared the drug response patterns between the two groups. We did not find
any drug that differentially (p<0.05, g<0.25) affected manipulated strains compared to naturally-
occurring strains. We note that this does not rule out the possibility that specific genetic
manipulations, or specific viral integration sites, may affect the genomic stability of cancer cell
lines or may be associated with reproducible genomic changes. However, many more samples
will be required to assess the effect of specific genetic manipulations with sufficient statistical
power.
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